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Retroactive Motors Minireview
Bruce J. Schnapp retrograde transport of vesicles originating at the nerve
Department of Cell Biology terminal: e.g., vesicles carrying neurotrophin-receptor
Harvard Medical School complexes, vesicles containing recycled synaptic vesi-
Boston, Massachusetts 02115 cle components, and presumably other vesicles yet to
be identified. What are the rules by which such traffick-
ing is managed?
Intracellular Transport in Neurons The Logic of Intracellular Transport
It is well known that axons are long and lack the machin- The basic principles are clear and simple (Figure 1).
ery for protein synthesis. Therefore, we are taught that Most long-range transport isdirected by themicrotubule
there is axonal transport of proteins synthesized in the cytoskeleton. Microtubules have an intrinsic polarity be-
cell body to supply nerve terminals with components cause tubulin heterodimers assemble head-to-tail, so
for transmitter release. This is correct, of course, but that in the polymer, all subunits point in the same direc-
covers up the real reasons that neurobiologists should tion. Axons have their microtubules oriented with their
be interested in intracellular transport. Beginning in the ªplusº ends pointed away from the cell body. Curiously,
1970s, when Thoenen and colleagues discovered that dendrites have microtubules oriented in both directions
NGF is specifically taken up by nerve terminals and (see Sharp et al., 1995, and references therein), a point
transported retrogradely within axons,an extensive liter- we will come back to.
ature has been built up in support of the idea that intra- Twelve years ago, attempts to reconstitute fast axonal
cellular and transneuronal transport of trophic factors transport using squid axoplasm led to the discovery of
contributes to the establishment of specific neuronal kinesin and cytoplasmic dynein as microtubule motor
populations and their connections in thenervous system proteins, i.e., soluble ATPases that couple ATP hydroly-
(reviewed by Oppenheim, 1996). It is equally clear that sis to unidirectional stepping along the microtubule (re-
the formation and outgrowth of axons and dendrites viewed by Hackney, 1996). Both of these proteins were
must bedriven by intracellular transport, since a process identified by their ability to promote either gliding of
cannot grow, or bifurcate, or change its shape without microtubules along a cover glass, or translocation of
the transport and delivery of membrane and cytoplasmic inert beads along an immobilized microtubule (Vale et
components. Finally, it would be surprising if the long- al., 1985). Such in vitro motility assays indicated that
term modulation of synaptic activity that underlies learn- kinesin and dynein walk toward opposite ends of the
ing and memory did not involve transport of molecules microtubule, suggesting the following simple model for
to pre- and postsynaptic sites. In addition to the impor- axonal transport (Figure 1): cargoes destined for the
tance of intracellular transport to these aspects of nor- nerve terminal, such as synaptic vesicles or their precur-
mal neurobiology, there is a large amount of circumstan- sors, would be linked to kinesin, while cargoes targeted
tial evidence that many neuropathologic conditions are
for the cell body, e.g., vesicles containing neurotrophin-
associated with disruptions of axonal transport (Griffin
receptor complexes, would be linked to cytoplasmic
and Watson, 1988).
dynein. A key principle is that motor proteins have do-
Much of our current understanding of intracellular
mains that walk along the microtubule, i.e., the ªmotortransport comes from studies of axonal transport. This
domain,º while regions outside the motor domain areis because axons are long, experimentally accessible,
presumably anchored to specific cargoes or organellesand structurally simple; the microtubule cytoskeleton is
(reviewed by Coy and Howard, 1994; Allan, 1995).oriented (see below), and transport can be investigated
This general model is almost certainly correct, i.e.,independent of protein synthesis. Fast axonal transport
oriented microtubules establish a road map inside theoccurs in both the antero- and retrograde directions
cell, and motors of the correct polarity get linked up toand involves movement of membrane vesicles along
particular intracellular cargoes. However, the idea hasmicrotubules at average rates of 100±400 mm/day. Slow
not held up that one motor, kinesin, carries all antero-axonal transport involves anterograde movement of cy-
grade cargoes while a second motor, cytoplasmic dyn-toskeletal components and soluble proteins at rates of
ein, carries all retrograde cargoes. Several lines of evi-0.1±0.6 mm/day (see Baas, 1997, and Coy and Howard,
dence indicate that the model in which ªconventional1994 for reviews of slow and fast axonal transport, and
kinesinº (the protein discovered in the squid axon recon-Allan, 1995, for a review of membrane transport along
stitution studies) is the universal plus end±directed mo-microtubules and actin filaments).
tor in neurons is oversimplified.Intracellular trafficking in neurons is complex. Organ-
Anterograde Transport by Multipleelles are not only sorted to axons and dendrites but
Kinesin-Related Motorsto sites within these processes. In axons, where the
The first hints arose from the analysis of mutant pheno-situation is comparatively simple, many classes of vesi-
types. Although conventional kinesin heavy chain (khc)cles are transported in the anterograde direction to di-
is an essential gene (Gho et al., 1992, and referencesverse destinations. For example, vesicles containing
therein), it was possible to analyze in Drosophila larvaeNa1 channels are delivered to Ranvier nodes, synaptic
the effect of hypomorphic mutant khc alleles onneuronalvesicles to active zones, Ca21 channels to presynaptic
function. Surprisingly, mutations had no effect on themembranes close to the sites of exocytosis, and neuro-
numbers of synaptic vesicles within nerve terminalstrophin-containing vesicles to nerve terminals for secre-
tion (Vonbartheld et al., 1996). At the same time, there is (Gho et al., 1992). Such an outcome would obviously not
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The identification of unc-104 was but one of many
studies that established the existence of a superfamily
of kinesin-related genes. Initially, this idea emerged from
the sequencing of Saccharomyces cerevisiae, Drosophila
melanogaster, and Aspergillus nidulans genes, whose
mutant phenotypes suggested defects in mitosis or mei-
osis and whose sequences revealed the presence of a
domain of z350 amino acids that was homologous to
the motor domain of conventional kinesin (Stewart et
al., 1993, and references therein; Barton and Goldstein,
1996). Eventually, consensus sequences were recog-
nized that allowed new members of the kinesin gene
family to be cloned on the basis of homology. Now, at
least 60 kinesin-related proteins are known, and this list
is likely to expand. All have in common a conserved,
z350 amino acid motor domain (Figure 1) that is neces-
sary and sufficient for ATP-driven movement along mi-
crotubules (Stewart et al., 1993). Outside the motor do-
main, the primary sequences of kinesin-related proteins
diverge but fall into at least seven subfamilies (Hirokawa,
1996). These variable regions or ªtailsº are likely either
to direct targeting to particular intracellular cargoes or
to be involved in the regulation of motor activity. Very
little is known about how such targeting or regulation
actually works.
Most kinesin-related proteins have been identified in
proliferating cells and are involved in meiosis or mitosisFigure 1. Microtubule-Based Intracellular Transport in Neurons
(Barton and Goldstein, 1996). However, beginning inIn axons, microtubules are oriented with plus ends toward the nerve
1992 (Aizawa et al., 1992), the identification of at leastterminal. Cargoes are transported in either the anter- or retrograde
10 kinesins expressed primarily in postmitotic neuronsdirection, depending on whether plus- (red) or minus-end (blue)
motors are active on their surfaces. Plus-end motors are members (reviewed by Hirokawa, 1996) has contributed, along
of the kinesin family (KIFs), defined by the presence of a conserved with the genetic studies discussed above (Hall and
motor domain (beige), with ATP (green) and putative microtubule Hedgecock, 1991; Gho et al., 1992), to the currentpicture
(purple) binding sites. nKHC and uKHC are neuronal and ubiquitous
that multiple kinesin-related proteins carry out fast axo-isoforms of conventional kinesin heavy chain. Until recently, cyto-
nal transport. One of these neuronal kinesins, KIF1A,plasmic dynein was the only known minus-end motor in neurons,
is the mammalian homolog of unc104, the C. elegansbut now a putative minus-end neuronal kinesin (KIFC2) has been
described (Hanlon et al., 1997; Saito et al., 1997). Note that in den- kinesin discussed above, for which there is compelling
drites, microtubules are oriented in both directions. Diagram of KIFs genetic evidence for a role in synaptic vesicle transport
after Hirokawa (1996). to the nerve terminal (Okada et al., 1995).
Currently, there is limited definitive information about
be expected if conventional kinesin were the universal the cargoes for the different neuronal kinesins. KIF1A
anterograde axonal transport motor. Although alter- and KIF1B are perhaps the best defined. KIF1B interacts
ations in action potential propagation were observed, with mitochondria (Nangaku et al., 1994). KIF1A interacts
their significance and indeed the function of conven- specifically with a class of membrane vesicles that,
tional kinesin remain controversial. On the other hand, based on their protein composition, are likely to be in the
in C. elegans, a kinesin-related protein, unc-104, was pathway for synaptic vesicle biogenesis (Okada et al.,
discovered to have the mutant phenotype expected of 1995). It appears that the compartmentsassociated with
a transporter of synaptic vesicles: there was an unmis- KIF1A and KIF1B do not associate with other kinesin-
takable accumulation of small clear vesicles in neuronal related proteins; and conversely, immunoprecipitations
cell bodies and an equally clear depletion of synaptic of membrane vesicles with antibodies against the other
vesicles from nerve terminals (Hall and Hedgecock, neuronal kinesins do not coprecipitate KIF1A or KIF1B
1991). It is not the case that unc-104 is the C. elegans (reviewed by Hirokawa, 1996). Thus, we are led, albeit
conventional kinesin heavy chain, because apart from tentatively, to the idea that the different neuronal kines-
the kinesin-like motor domain, the unc-104 sequence is ins promote the transport of specific classes of mem-
completely different. Furthermore, the bona fide homo- brane compartments. The raison d'eÃ tre for an army of
log of conventional kinesin heavy chain is present at a kinesins, each targeted to a specific organelle popula-
distinct locus of the C. elegans genome. It was thus tion, as opposed to a single universal anterograde trans-
established that conventional kinesin is not the universal porter, is presumably to allow the trafficking of the differ-
anterograde transport motor. It is also apparent that the ent compartments to be regulated independently.
initial discovery of conventional kinesin was a fortuitous Spatial and temporal regulation of motor activation and
consequence of its uncommonly strong tendency to ad- deactivation for specific compartments would provide
sorb to inert substrates and promote their movement a means to control the delivery process (Figure 1). In
this respect, it would seem that the population ofalong microtubules in vitro.
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kinesin-related proteins expressed in neurons imple- (1997) performed immunocytochemical studies on sci-
atic nerve to show that KIFC2 is present in axons. Theyment the sorting and trafficking of membrane compart-
ments (Coy and Howard, 1994). also reported that KIFC2 builds up both proximal and
distal to a nerve ligation, suggesting that KIFC2 is trans-Retrograde Transport: a Role
for Minus-End Kinesins? ported in association with antero- and retrograde organ-
elles moving at the rate of ªfastº axonal transport (Han-The diverse population of kinesin motors for antero-
grade axonal transport has stood in stark contrast to lon et al., 1997). This accumulation pattern resembles
that of dynein (Hirokawa et al., 1990), the idea beingretrograde transport, which has been attributed to a
single minus-end motor, cytoplasmic dynein (Holzbaur that the anterogradely moving KIFC2 is either inactive
or masked (Muresan et al., 1996) until it arrives at theand Vallee, 1994). Studies of reconstituted vesicle trans-
port (Muresan et al., 1996) suggest that this difference nerve terminal where it will function as a retrograde
axonal transport motor. It is now important to determinecould be key to the strategy by which intracellular traf-
ficking is regulated. Antero- and retrograde (i.e., plus whether this motor carries cargoes distinct from those
carried by cytoplasmic dynein in the axon.and minus end±directed) vesicle populations were iso-
lated from squid axoplasm with the surprising result that While Saito et al. (1997) confirm that KIFC2 is present
in axons, their conclusions arequite different. They showboth populations appeared to carry active cytoplasmic
dynein. Under normal conditions, the anterograde vesi- rigorously that KIFC2 is found primarily in dendrites and
has at best only a very minor presence in axons. Quanti-cles move strictly in the plus-end direction because
tightly bound, plus-end kinesin motors override the ac- tative Western blotting and immunofluorescence stud-
ies demonstrate that the level of endogenous KIFC2 intive dynein motors. The explanation for how kinesin
could take over the movement of vesicles carrying both dendrites is .100-fold higher than in axons. The conclu-
sion that KIFC2 is primarily confined to dendrites iskinesin and dynein appears to reside in the distinct me-
chanical properties of these two motors. Kinesin is pro- buttressed by studies of the expression of recombinant
myc-tagged KIFC2 in cultured hippocampal neurons,cessive and tracks along single protofilaments (Howard,
1995), while dynein wanders over the surface of microtu- where, again, only dendritic labeling was observed.
These findings suggest that KIFC2 accounts for only abules, suggesting it is not as processive (Wang et al.,
1995). These findings imply that the direction of trans- minor fraction of retrograde axonal traffic, compared
with cytoplasmic dynein. The findings of Saito et al.port could be regulated via the presence or absence of
a tightly bound kinesin motor on the vesicle. In this (1997) embellish rather than contradict those of Hanlon
et al. (1997), who did not look at labeling in dendrites.respect, dynein-driven, minus end±directed transport
might be considered a constitutive condition. Although more work is obviously needed to resolve the
matter, it seems likely at this point that the original ideaTwo recently published articles (Hanlon et al., 1997;
Saito et al., 1997) now indicate that cytoplasmic dynein that cytoplasmic dynein is the primary retrograde axonal
transport motor may emerge unscathed. However, themight not be the sole minus-end vesicle motor in neu-
rons. These two papers report the identification of a door is open to the possibility that other C-terminal mo-
tors will ultimately question this idea in the future.new neuronal kinesin, KIFC2. This kinesin stands out
because its motor domain is located at the C-terminus, If KIFC2 is primarily a dendritic motor, what might be
its role in intracellular transport? As discussed earlier,not the N-terminus, as is the case for most known kines-
ins. KIFC2 shares a consensus sequence in the ªneckº dendritic transport is not as straightforward to under-
stand as axonal transport because dendrites containregion of the motor domain that is found exclusively
within a small family of other kinesin-related proteins microtubules oriented in both directions (Figure 1). It is
unclear, then, from the polarity of any motor, whetherthat have C-terminal motor domains. The salient feature
of these C-terminal kinesins is that they walk toward it would facilitate transport in the antero- or retrograde
direction with respect to the cell body. This would de-the minus ends of microtubules, not toward the plus
ends like conventional kinesin and the majority of its pend on the orientation of the microtubules with which
the motor associates. Do dendritic motors shuttle car-relatives (Barton and Goldstein, 1996). While the other
known C-terminal kinesin-related proteins are involved goes back and forth, or do they transport in one direction
by interacting selectively with microtubules of the cor-in mitosis or meiosis, KIFC2 is the first that is known to
be expressed in differentiated neurons. rect orientation? If so, there must be as yet unknown
mechanisms for selection of particular microtubule pop-It should be understood that neither group could ob-
tain KIFC2 in a form that was active for in vitro motility ulations.
Regardless of whether KIFC2 transports in the retro-assays; hence, a priority for the future will be to prove
that KIFC2 is functionally a minus end±directed motor, or anterograde direction, or both, an important question
concerns the nature of its cargo. Here, Saito et al. (1997)as its sequence and intracellular localization suggest
(Hanlon et al., 1997; Saito et al., 1997). Meanwhile, it is have provided an elegant analysis to indicate that KIFC2
associates with a novel class of multivesicular-body or-worth considering the implications of the suggestion
that the task of delivering cargoes to the minus ends of ganelles. Because these do not appear to contain any
of the usual markers for endosomal vesicles, they maymicrotubules, formerly the sole dominion of cytoplasmic
dynein, is now shared with KIFC2. Resolution of how represent a new membrane trafficking pathway that is
an obvious subject for future research.Can itbe a coinci-these two modes of transport are utilized will provide
important insights into the overall logic of intracellular dence that in a recent electron microscope study of
axodendritic transfer of neurotrophins, NT-3 appearedtrafficking in neurons.
The most obvious question is whether KIFC2 is in- within dendritic multivesicular bodies (Vonbartheld et
al., 1996) at the site of transneuronal transfer?volved in retrograde axonal transport. Hanlon et al.
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Interestingly, in addition to its tight association with
membranes, KIFC2 is found in a dense fraction that is
rich in microtubules (Saito et al., 1997). In addition,
KIFC2 has the peculiar property of binding avidly to
microtubules, even in the presence of ATP (Hanlon et
al., 1997; Saito et al., 1997), suggesting that it could
contain a nucleotide-independent binding site for micro-
tubules. This raises the possibility that KIFC2 might also
function as a motor for delivering microtubules into
dendrites from theirsites of polymerizationat thecentro-
some in the cell body (Sharp et al., 1995).
Concluding Remarks
The idea that multiple kinesin motors operate in neurons
is now firmly grounded, and it is just a matter of time
before the entire population of neuronal motors will be
exposed. Still, we are a long way from understanding
how these fascinating molecules contribute to the orga-
nization of organelle traffic in neurons. Immediate goals
are to define the cargoes carried by particular motors
and to elucidate the nature of the organelle±motor inter-
action.
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